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Abstract 
Miniaturized physical sensors for precise density and viscosity analysis are required as supplement or replacement for complex 
and expensive laboratory instruments. Utilizing miniature mechanical resonators as transducers, one can greatly reduce the 
necessary liquid volume, measurement time, and complexity of the experimental setup. In this contribution, we describe the 
development of a miniature, modular measurement setup for a large viscosity range. We devised and fabricated an inexpensive 
flow-through cell using milling technology of multiple PCB layers and Parafilm sealing for easy assembly and disassembly. The 
mechanical resonator is designed as a suspended plate using Lorentz force excitation and movement induction detection. The Q-
factor of the resonator is evaluated and related to the density-viscosity product of different test liquids at multiple resonant modes 
of vibration at low operating frequencies for over a wide range of different viscosities. 
© 2010 Published by Elsevier Ltd. 
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1. Introduction 
Electromagnetic transduction of mechanical resonances has been established as a low cost alternative to 
piezoelectric or capacitive methods with unique advantages in terms of suitable materials, vibration mode flexibility, 
and simplicity of the excitation setup. We have previously demonstrated different successful approaches to 
electromagnetic-acoustic sensors. These devices include suspended beams and plates, remotely excited silicon 
membranes and metal plates, and clamped polymer membranes, e.g. [1-4]. 
The excitation of a mechanical vibration is based on the generation of Lorentz forces in the resonator element. 
This is achieved by impressing or inducing an electrical alternating current in a conductive layer of the resonator and 
placing the device in a magnetic field, e.g., supplied by external permanent magnets. According to the Lorentz force 
law, this leads to a vibration of the element in a direction perpendicular to current and magnetic field at the 
frequency of the driving current. When this frequency coincides with an eigenfrequency of the sensor element, 
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mechanical resonance is achieved, leading to a great increase of the vibration amplitude. Depending on the direction 
of current, magnetic field and eigenmode shape, the sensor surface can display an in-plane, shear vibration, an out-
of-plane, flexural vibration, or combinations thereof. The movement of the resonator in the magnetic field also leads 
to the induction of a secondary voltage, which is used as a direct measure for the mechanical resonance. 
Electromagnetic-acoustic, resonant transducers are thus suited as sensors similar to established acoustic sensors such 
as piezoelectric (e.g. quartz crystal) resonators, cantilever devices, or capacitive transducers [5-9]. 
2. Motivation and Methods 
In this work, Lorentz forces are generated by directly impressing an alternating current across suspended plate 
resonators made of different conductive substrates (nickel-zinc, aluminum, copper, brass, copper-coated polymer 
foils) with a superposed, perpendicular external magnetic field supplied by NdFeB magnets [3]. The resulting in-
plane vibration exerts a shear stress at the solid-liquid interface on the top and bottom faces of the resonator. This 
leads to an evanescent shear wave penetrating the liquid, which is highly sensitive to the density-viscosity product, 
yielding shifts of the resonance frequency and changes in the quality factor. 
We have devised a new, inexpensive flow-through cell milled into several layers of PCB, where the resonator is 
simply clamped between the different layers onto the contact pads (Fig. 1). Fluidic sealing is achieved by thin 
Parafilm sheets between the different PCB layers, to account for surface roughness and copper layer profile. The 
permanent magnets are placed on both sides of the resonator achieving a high magnetic flux density of 0.718 T 
within the measurement cell. The resonator itself is electrically operated as a two-port device, where the excitation 
current can be applied to any two contact pads, while the secondary voltage induced by mechanical motion is 
measured at the other two contacts. The current can thus flow across the plate in a horizontal, vertical and diagonal 
fashion, resulting in vertical, horizontal and diagonal in-plane forces. This allows for the utilization of three distinct 
shear eigenmodes in one resonator element, yielding additional measurement data and information depending on the 
specific mode shapes employed during experiments. Fluidic inlet and outlet are connected to standard capillaries 
through the top PCB layer, allowing for no flow and flow-through analysis. Due to the small fluidic cell, only small 
amounts of liquids (on the order of 100 μl) are required. The test fluid can be quickly exchanged with a combination 
of solvent cleaning and air flow drying, and the whole device can also be easily disassembled for extensive cleaning 
or replacement the resonator. 
Fig. 2 shows FEM excitation analysis (COMSOL Multiphysics 3.5) and exemplary measurement results for the 
vertical and horizontal mode of vibration, yielding two distinct resonances at 3.8 kHz and 5.7 kHz, respectively. All 
resonators are designed to operate in a low frequency range to investigate high viscosities and complex liquids. 
Fig. 1. Setup design for resonator clamped to contact pads between multiple layers of PCB in milled fluid cell cavity (left) and fabricated flow-
through cell in PCB with permanent magnet below and cavity for second magnet on top (right). 
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Fig. 2. FEM excitation analysis for current density (colored regions) and displacement (arrows) for vertical and horizontal vibration (left) and 
measured induced secondary voltage in air and liquids for vertical mode at 3.8 kHz and horizontal mode at 5.7 kHz (right). 
3. Results and Discussion 
The sensor setup was connected to an Agilent E5061B network analyzer for gain-phase measurements. The 
excitation path was connected to reflection port and RF source at 5 dBm nominal power at 50 Ω, while the induction 
path of the resonator was connected to the transmission port of the network analyzer. To decouple parasitic effects 
of cables, crosstalk, offset, etc., and to amplify driving current and induced voltage, two low frequency transformers 
were attached to the connection pins. No additional averaging or smoothening was necessary. 
From the frequency spectrum, we evaluate the quality factor and frequency shift in different liquids, which are a 
function of the density-viscosity product. We analyzed liquids over a wide range of viscosities, including water, 
alcohols and oil viscosity standards up to 400 mPas. Density and viscosity of these test liquids were measured with a 
high precision lab viscosimeter (Anton Paar SVM 3000) in parallel to the experiments at the same measurement 
conditions (25°C, ambient pressure). These reference values for our test liquids are given in table 1.
The test liquids were injected with a microliter pipette. Each measurement was repeated ten times, the mean 
values and standard deviation used for the plots below. After each liquid, the test chamber was flushed with 
appropriate cleaning solvent (benzine, isopropanol, acetone), airflow dried, and a reference measurement in air was 
made. The measurement cell was only disassembled after a complete measurement run. 
 Table 1. Density-viscosity reference values of test liquids measured with a lab viscosimeter at 25°C.
Test liquid Dynamic viscosity η / mPas Density ρ / g/cm3 
water 1.0012 0.9971 
1-propanol 1.9242 0.7992 
1-butanol 2.5724 0.8054 
1-pentanol 3.4827 0.8106 
1-heptanol 6.0101 0.8183 
1-octanol 7.6485 0.8213 
1-decanol 11.840 0.8260 
S3 viscosity standard 3.5394 0.8670 
N10 viscosity standard 15.187 0.8441 
N14 viscosity standard 19.623 0.8085 
N44 viscosity standard 70.625 0.8245 
S200 viscosity standard 417.73 0.8831 
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Fig. 3. Measurement of Q-factor (left) and frequency shift (right) vs. density-viscosity of different test liquids over range of 1-400 mPas viscosity 
for 100 μm nickel-zinc alloy plate resonator in horizontal vibration around 9 kHz. 
Shown in figure 3 are the measurement results for a nickel-zinc alloy of 100 μm thickness operating in a shear 
horizontal mode of vibration around 9 kHz. Quality factor and frequency shift are plotted over the square root of the 
density-viscosity product, which is the defining parameter of the shear acoustic impedance, with dots representing 
the mean values of one measurement cycle and error bars showing the standard deviation over ten consecutive 
measurements. The Q-factor, reduced from about 250 in air to 10-80 in liquids, displays a continuous, non-linear 
behavior. Only water slightly deviates from this behavior, which can be attributed to the specific properties of water 
and also indicates an additional cross-sensitivity to density, which is noticeably different from the other test liquids. 
The still considerable quality factor of the S200 oil viscosity standard allows the prediction that these resonator 
sensors are also suitable for even higher viscosities. However, the handling of such highly viscous liquids becomes 
increasingly difficult, especially the filling and flushing of the measurement cell due to the small dimensions of cell, 
inlets and capillaries. The standard deviation of the quality factor is minimal for most test liquids.
The frequency shift displays a nearly linear relationship to the square root of density-viscosity, except for very 
low and high viscosities, with minimal deviation for most liquids as well. However, especially for liquids of higher 
viscosities, establishing an appropriate reference measurement in air becomes difficult, due to problems with 
complete cleaning and drying of the resonator element. Liquid and solvent residue strongly affect the air 
measurement due to adsorption at the resonator surface, while during measurement in other liquids these trace 
substances become negligible. Therefore, extensive care must be taken in the choice of solvents, cleaning and drying 
times. Compared to frequency shift, the measurement of the quality factor is more stable and reproducible. 
After each disassembly and reassembly, reference values need to be reestablished, due to slight differences in 
positioning and clamping leading to slight differences in the fundamental resonance frequencies and mode shapes. 
We investigated a variety of different resonator materials and designs, at different vibration modes. The basic 
behavior as shown in figure 3 applies to all these choices, there is a considerable freedom in design and materials to 
adjust for different application requirements. 
4. Conclusions 
In this contribution we presented a newly developed flow-through resonator sensor setup, based on 
electromagnetic-acoustic transduction. The sensor element, a suspended, conductive plate resonator, is clamped 
between multiple PCB layers, connected as a two-port device with individual excitation and readout paths, and 
vibrated in an in-plane, shear movement of the sensor surface. A small fluid measurement cell is defined into the 
PCB layers, requiring only minimal amounts of test liquid. The resonator response is analyzed in terms of quality 
factor and resonance frequency shift, which are a function of the density-viscosity product. Measurement results 
show a very good correlation over a very wide range of different viscosities, with only minimal standard deviation 
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over consecutive measurements for most liquids. The flow-through design allows for easy cleaning and drying with 
simple, easily soluble liquids, while the modular PCB design leads to easy disassembly and replacement for more 
complex test substances. 
With this sensor setup we have shown that microacoustic resonators can be employed as inexpensive density-
viscosity sensors with reasonable precision requiring only a fraction of test liquid volume and analysis time 
compared to laboratory instruments. Further research will include the comparison of different resonator materials, 
investigation of temperature influence, and the measurement at ultra-low viscosities. 
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